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Introduction: 

The  goal  of  the  proposed  research  is  early  detection  of  relevant  prostate  cancer  to  reduce 
mortality  of  the  disease.  This  will  be  accomplished  by  introduction  of  an  improved  and  more 
specific  diagnostic  procedure.  According  to  the  American  Cancer  Society,  prostate  cancer  is  the 
second  leading  cause  of  cancer-related  deaths  in  men.  It  is  estimated  that  1  man  in  every  36  will  die  of 
prostate  cancer  during  their  lifetime.  This  accounts  for  33,720  men  in  2011.  Early  and  accurate 
detection  of  prostate  cancer  is  an  urgent  priority.  Our  research  strategy  will  introduce  a  new  paradigm 
in  prostate  cancer  detection,  moving  beyond  prostate-specific  antigen  (PSA)  screening  into  an 
advanced  and  specific  strategy  to  improve  detection  and  resection,  and  thereby  reduce  prostate  cancer 
mortality. 

We  hypothesize  that  an  effective  strategy  for  the  detection  of  prostate  cancer  will  use  Idl  to 
direct  a  combined  blood-based  monitoring  and  imaging  system  following  systemic  delivery  and 
controlled  release  in  the  prostate  vasculature.  This  diagnostic  system  includes  a  secreted  human 
embryonic  alkaline  phosphatase  reporter  for  blood-based  monitoring  and  a  mCherry  reporter  for 
localized  imaging,  both  under  the  control  of  an  Idl  promoter,  and  packaged  in  an  Adenovirus  for  ease 
in  testing.  Idl  expression  has  been  shown  to  be  specific  for  malignant  cancers  and  will  permit 
differentiation  between  aggressive  cancer  and  benign  hyperplasia.  To  permit  non-invasive  and 
effective  systemic  delivery  of  the  diagnostic  Ad,  US  contrast  agents,  or  MBs,  will  be  used  to  deliver 
the  diagnostic  vector  to  the  tumor  in  an  US-targeted  strategy.  Our  hypothesis  will  be  tested  using  the 
following  specific  aims: 

1.  Correlate  prostate  cancer  phenotype  with  SEAP/mCherry  levels  achieved  with  the  diagnostic 
vector  (Ad5/3-Idl-SEAP-Idl-mCherry),  an  existing  vector  encoding  SEAP  and  mCherry. 

2.  Optimize  and  validate  Ad5/3-Idl-SEAP-Idl-mCherry  loading  of  ultrasound  (US) 
microbubbles  (MBs). 

3.  Determine  the  efficacy  of  the  diagnostic  vector  combined  with  the  US  delivery  system  to 
detect  malignant  prostate  cancer. 

Our  proposed  diagnostic  system  addresses  a  PCRP  Overarching  Challenge  by  developing  a 
clinically  feasible  way  to  distinguish  between  aggressive  and  indolent  cancers.  Our  proposed  system  is 
a  huge  improvement  on  PSA  testing.  The  goal  of  our  proposal  is  to  generate  a  cancer-specific 
approach  to  prostate  cancer  screening  and  improved  surgical  resection.  At  the  foundation  of  the 
diagnostic  strategy  proposed  here  is  a  cancer- specific  promoter  whose  level  of  expression  specifically 
correlates  with  the  aggressive  phenotype  of  the  cancer.  This  allows  the  diagnostic  vector  to  be  a  tool 
for  detection  and  an  indicator  of  malignancy.  In  addition  to  the  Overarching  Challenge,  this  proposal 
also  addresses  the  prostate  cancer  imaging  Focus  Area. 

Body:  The  accomplishments  associated  with  the  three  specific  aims  are  summarized  below.  All  of 
the  accomplishments  have  been  included  in  manuscripts,  either  submitted  or  approaching  submission. 
The  manuscripts  are  included  as  appendices  and  provide  all  details  of  the  methods  used. 

Task  1.  Specific  Aim  #1:  Correlate  prostate  cancer  phenotype  with  SEAP/mCherry  levels 
achieved  with  the  diagnostic  vector  (Ad5/3-Idl-SEAP-Idl-mCherry),  an  existing  vector 
encoding  SEAP  and  mCherry.  ( Primarily  first  year,  except  aimld  that  may  run  in  to  2nd 
year) 
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a.  Ad3  receptor  expression  characterization:  A  prostate  cancer  cell  panel  (PC3,  LNCaP,  CA- 
HPV-10,  RWPE-1,  VCAP,  MDA  PCA  2b,  WPMY-1,  DU145)  will  be  analyzed  for  Ad3 
receptor  expression.  ( Months  1-4) 

Accomplishment:  Ad3  receptor  surface  expression  was  quantified  for  each  cell  type  in  the  panel  by 
infection  with  an  Ad5/3-CMV-Luc  adenovirus.  Luciferase  counts  were  subsequently  used  to  normalize 
diagnostic  reporter  expression,  accounting  for  differences  in  Ad5/3-Idl-SEAP-Idl-mCherry  infectivity 
among  the  cells.  SEAP  and  mCherry  reporter  expressions  were  therefore  only  a  reflection  of  Idl 
promoter  activity.  Results  are  reported  under  task  lc,  together  with  results  for  ID1  expression. 

b.  The  panel  of  cell  lines  will  be  characterized  for  Idl  promoter  expression.  ( Months  1-6) 

Accomplishment:  Idl  expression,  but  not  PSA  level,  is  an  indicator  of  prostate  cancer  cell 
aggressiveness.  Six  prostate  cell  lines  purchased  from  ATCC  were  categorized  based  on  their 
reported  behaviors  and  measured  levels  of  PSA  secretion  (Table  1).  Normal  prostate  cells 
(WPMY-1)  secreted  a  baseline  amount  of  314.1+8.1  pg/mL  PSA.  Two  of  the  four  cell  lines  with 
reportedly  aggressive  phenotypes  (Du  145  and  PC3)  had  relatively  lower  PSA  levels,  ranging  from 
230-266  pg/mL,  whereas  the  remaining  aggressive  cells  lines  (VCaP  and  MDA-PCA-2b)  had 
significantly  greater  levels  of  PSA  as  compared  to  baseline.  The  one  non-aggressive  cell  type, 
LNCaP,  also  secreted  significantly  increased  amounts  of  PSA  in  comparison  to  baseline  levels. 

Idl  expression  was  elevated  in  all  prostate  cancer  cell  types  with  reportedly  aggressive  behaviors 
compared  to  normal  prostate  cells  and  cancerous  cells  with  a  less  invasive  and  non-aggressive 
phenotype  (Figure  la).  No  correlation  was  found  between  Idl  expression  and  PSA  level 
(R2=0.058;  Figure  lb). 


Table  1.  Description  of  cell  lines  used  for  analyses  of  Ad5/3-Idl-SEAP-Idl-mCherry 
diagnostic  efficacy. _ 


Cell  Line 

Origin 

Behavior 

PSA  (pg/mL) 

WPMY-1 

Normal  stromal 
myofibroblast 

Normal 

324.6+21.5 

Dul45 

Brain  metastasis 

Aggressive 

230.1+8.3 

PC3 

Bone  metastasis 

Aggressive 

266.2+36.7 

VCaP 

Vertebral  metastasis 

Aggressive 

762.9+36.4 

MDA-PCA-2b 

Bone  metastasis 

Aggressive 

1 1.227+1274 

LNCaP 

Node  metastasis 

Non-Aggressive 

13.042+315 

PSA  values  reported  as  mean+SEM  (n=3).  *p< 0.05  and  **p<0.001  versus  WPMY-1  level. 
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Figure  1.  Cellular  expression  of  Idl  does  not  correlate  with  PSA.  (a)  Idl  expression  was 
evaluated  in  cell  lysates  by  Western  blot  and  quanitified  with  densitometry.  Idl  intensity  was 
normalized  to  the  corresponding  level  of  of  (1-actin.  (b)  Linear  regression  analysis  was  used  to 
correlate  cellular  Idl  expression  with  PSA  levels  reported  in  Table  1.  PSA  data  are  shown  as 
mean+SEM  (n=3). 

c.  Diagnostic  vector  infection  of  prostate  cancer  panel:  The  performance  of  the  diagnostic 
vector  with  the  cell  panel  will  be  evaluated.  Reporter  values  will  be  normalized  against 
Ad3  receptor  expression.  Idl  knockdown  experiments  will  be  conducted.  ( Months  6-12) 

Accomplishment:  SEAP  and  mCherry  reporter  expression  correlate  with  Idl  levels  and  are 
indicators  of  prostate  cell  aggressiveness  As  stated  under  la,  Ad3  receptor  surface  expression 
was  quantified  for  each  cell  type  in  the  panel  by  infection  with  an  Ad5/3-CMV-Luc  adenovirus 
(Figure  2a).  Luciferase  counts  were  subsequently  used  to  normalize  diagnostic  reporter 
expression,  accounting  for  differences  in  Ad5/3-Idl-SEAP-Idl-mCherry  infectivity  among  the 
cells.  SEAP  and  mCherry  reporter  expressions  were  therefore  only  a  reflection  of  Idl  promoter 
activity.  After  infection  with  Ad5/3-Idl-SEAP-Idl-mCherry,  the  prostate  cancer  lines  with 
aggressive  phenotypes  (VCaP,  MDA-PCA-2b,  PC3,  and  Du  145)  had  increased  levels  of  SEAP 
reporter  compared  to  non-aggressive  (LNCaP)  and  normal  (WPMY-1)  cells  (Figure  2b).  For  PC3 
and  Du  145,  Ad3-normalized  SEAP  expression  was  significantly  elevated  at  4  and  6  days  post¬ 
infection  compared  to  non-aggressive  LNCaP  cells  at  the  corresponding  timepoints.  A  significant 
correlation  (R2=0.89)  between  SEAP  reporter  expression  at  day  4  and  cellular  Idl  levels  was 
observed  (Figure  2c).  Likewise,  representative  fluorescent  images  of  the  mCherry  reporter 
qualitatively  confirmed  diagnostic  vector  efficiency  (Figure  3).  mCherry  intensity  corresponded  to 
cellular  Idl  levels,  with  the  greatest  fluorescence  observed  in  the  aggressive  Dul45  cells. 
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WPMY-1  LNCaP  VCaP  MDA-  PC3  Du145 
PCA-2b 


Idl  Expression 

Figure  2.  SEAP  reporter  expression  increases  with  aggressiveness  of  prostate  cancer  cell 
and  correlates  with  cellular  level  of  Idl.  (a)  Ad3  receptor  density  for  each  cell  type  was 
determined  following  infection  with  an  Ad5/3-CMV-Luc  adenovirus  (MOI=10).  (b)  SEAP 
reporter  was  measured  in  culture  medium  2,  4  and  6  days  post-infection  with  Ad5/3-Idl-SEAP- 
Idl-mCherry  (MOI=l)  and  normalized  with  Ad3  receptor  surface  expression.  *p<0.01  versus 
LNCap  at  corresponding  timepoint.  (b)  Linear  regression  analysis  was  used  to  correlate  SEAP 
reporter  expression  and  cellular  Idl.  All  data  are  reported  as  mean+SEM  (n=4). 


Figure  3.  mCherry  reporter  fluorescence  corresponds  to  prostate  cancer  cell  aggressiveness. 

Representative  fluorescence  images  of  (a)  normal  prostate  cells  (WPMY-1)  and  cancerous  cells 
with  (b)  moderate  Idl  expression  (VCaP)  and  (c)  high  Idl  expression  (Dul45).  Inserts  are 
corresponding  bright  field  images.  All  images  were  acquired  using  a  10X  objective. 

d.  Assessment  of  the  diagnostic  potential  of  the  vector  on  normal,  BPH,  and  malignant 
tissue  samples  of  the  prostate:  In  addition  to  reporter  expression  characterization,  Idl 
and  Ad3  expression  will  be  evaluated  and  normalized  against  reporter  values. 
(n=10/group)(Months  1-18) 
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Accomplishment.  The  use  of  human  tissue  samples  was  a  lower  priority  objective  until  the  diagnostic 
vector  was  produced  and  evaluated.  Our  findings  will  be  reported  in  the  2nd  year  progress  report. 

Task  2.  Specific  Aim  #2:  Optimize  and  validate  Ad5/3-Idl-SEAP-Idl-mCherry  loading  of 
ultrasound  microbubbles.  (Start  month  9,  ending  at  month  18  (middle  of  year  2)) 

a.  Qualitative  visualization  of  Ad  packaged  microbubbles:  Using  fluorescent  confocal 
microscopy,  microbubble  packaged,  fluorescent  Ad  particles  containment  will  be  analyzed. 
(Months  9-12) 

Accomplishment.  We  decided  that  before  packaging  experiments  it  was  important  to  understand  if 
the  ultrasonograpy  would  change  Ad  infectivity  due  to  disruption  of  the  Ad  particles.  We  also  sought 
to  understand  if  microbubbles  with  ultrasound  would  aid  in  allowing  the  Ad  particle  to  better  infect 
prostate  cancer  cells.  The  results  of  these  studies  are  summarized  below  in  the  abstract  of  an  in-press 
manuscript  entitled  “Enhancement  of  Adenovirus  Delivery  after  Ultrasound-Stimulated  Therapy  in  a 
Cancer  Model”. 

Improving  the  efficiency  of  adenovirus  (Ad)  delivery  to  target  tissues  has  the  potential  to  advance  the 
translation  of  cancer  gene  therapy.  Ultrasound  (US)-stimulated  therapy  utilizes  microbubbles  (MBs) 
exposed  to  low-intensity  US  energy  to  improve  localized  delivery.  We  hypothesize  that  US-stimulated 
gene  therapy  can  improve  Ad  infection  in  a  primary  prostate  tumor  through  enhanced  tumor  uptake 
and  retention  of  the  Ad  vector.  In  vitro  studies  were  performed  to  analyze  the  degree  of  Ad  infectivity 
after  application  of  US-stimulated  gene  therapy.  A  luciferase-based  Ad  on  a  ubiquitous 
cytomegalovirus  (CMV)  promoter  (Ad5/3-CMV-Luc)  was  used  in  an  animal  model  of  prostate  cancer 
(bilateral  tumor  growth)  to  evaluate  Ad  transduction  efficiency  after  US-stimulated  therapy. 
Bioluminescence  imaging  was  employed  for  in  vivo  analysis  to  quantify  Ad  infection  within  the 
tumor.  In  vitro  studies  revealed  no  difference  in  Ad  transduction  between  groups  receiving  US- 
stimulated  therapy  using  high,  low,  or  sham  US  intensity  exposures  at  various  multiplicity  of 
infections  (MOIs)  (p  =  0.80).  In  vivo  results  showed  that  tumors  receiving  US-stimulated  therapy  after 
intratumoral  injection  of  Ad5/3-CMV-Luc  (1  x  106  plaque  forming  units)  demonstrated  a  95.1% 
enhancement  in  tumor  delivery  compared  to  control  tumors  receiving  sham  US  (p  =  0.03).  US- 
stimulated  therapy  has  significant  potential  to  immediately  impact  Ad-based  cancer  gene  therapy  by 
improving  virus  bioavailability  in  target  tissues. 

The  other  task  2  objectives  were  for  year  2  of  the  funding  period. 

Task  3:  Specific  Aim  #3:  Determine  the  efficacy  of  the  diagnostic  vector  combined  with  the  US 
delivery  system  to  detect  malignant  prostate  cancer.  (Start  month  18  and  continue  to  month  36) 

a.  In  vivo  analysis  of  diagnostic  vector  in  xenograft  animal  model  (30  athymic  nude  mice)  to 
determine  detection  sensitivity.  (Months  18-24) 

Accomplishment.  Although  aim  #3  objectives  were  for  later  time  periods,  we  decided  to  move 
forward  with  initial  animal  experiments,  and  report  our  progress. 

Fluorescent  mCherry  reporter  allows  for  in  vivo  localization  of  aggressive  and  non-aggressive  tumors. 
Two  days  after  flank  implantation  of  Ad5/3-Idl-SEAP-Idl-mCherry-infected  PC3  and  LNCaP  cells, 
the  mCherry  reporter  protein  was  fluorescently  detected.  Representative  images  of  mCherry 
expression  illustrate  that  aggressive  PC3  cells  were  visually  detected  at  both  low  (Figure  4a)  and  high 
(Figure  4b)  levels  of  total  cell  infectivity  (2.5%  and  17.5%  of  total  tumor  cells,  respectively).  Non- 
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aggressive  LNCaP  cells  were  also  detected  at  higher  levels  of  infectivity  (Figure  4d),  however, 
mCherry  fluorescence  was  not  observable  when  only  2.5%  of  the  total  cells  were  infected  (Figure  4c). 
Quantification  of  mCherry  fluorescence  with  ROI  analyses  confirmed  that  reporter  intensity 
corresponded  to  cancer  cell  aggressiveness  and  total  infectivity  since  the  most  significant  fluorescence 
was  observed  with  the  aggressive  PC3  cells  at  17.5%  total  infectivity  (Figure  4e). 


Figure  4.  Infected  tumors  are  visualized  in  vivo  with  the  fluorescent  mCherry  reporter,  (a-d) 

Representative  images  of  mCherry  reporter  expression  2  days  after  flank  implantation  of  PC3  (a,b) 
and  LNCaP  (c,d)  cells  with  2.5%  (a,c)  and  17.5%  (b,d)  total  cell  infectivity.  PC3  and  LNCaP  cells 
were  infected  with  Ad5/3-Idl-SEAP-Idl-mCherry  for  24h  and  then  implanted  with  non-infected  cells 
to  simulate  low  (2.5%)  or  high  (17.5%)  tumor  infectivity.  (e)  Quantitative  region  of  interest  analysis  of 
tumor  fluorescence  was  done  to  measure  mCherry  reporter  intensity  following  implantation.  All  data 
are  reported  as  mean+SEM  (n=4).  */;<().()()  1  versus  all  groups. 

The  other  task  3  objectives  were  scheduled  for  year  2-3  of  the  funding  period. 

Key  Research  Accomplishments: 

>  We  evaluated  ID1  expression  in  a  panel  of  prostate  cancer  cell  lines. 

>  We  identified  differences  in  Ad  infectivity  of  prostate  cancer  cell  lines,  which  could  be  used  to 
normalize  the  cell  lines  for  comparisons. 
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>  Unlike  measurements  of  PSA,  which  showed  no  correlation  with  cellular  Idl,  expression  of 
the  blood-based  SEAP  reporter  showed  a  significant  correlation  with  prostate  cancer  cell 
aggressiveness. 

>  We  demonstrated  that  ultrasound  did  not  change  Ad  infectivity. 

>  We  demonstrated  that  ultrasound  with  microbubbles  improved  Ad  infectivity  in  a  prostate 
cancer  model. 
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Conclusions 

In  the  first  year,  a  dual  reporter  vector,  Ad5/3-Idl-SEAP-Idl-mCherry,  was  evaluated  for  its 
ability  to  noninvasively  detect  and  monitor  prostate  cancer  using  expression  of  a  SEAP  reporter 
for  blood-based  detection  and  mCherry  reporter  for  fluorescence  imaging.  Reporter  expression  of 
the  diagnostic  system  was  driven  by  the  cancer-specific  expression  of  Idl,  which  is  a  documented 
indicator  of  tumor  malignancy  with  no  expression  found  in  BPH  and  normal  prostate.  The  present 
study  used  a  panel  of  prostate  cancer  cells  with  varying  degrees  of  reported  aggressiveness  in 
addition  to  normal  prostate  cells.  Measurement  of  cellular  levels  of  Idl  was  used  to  quantify 
aggressiveness,  allowing  us  to  assess  the  relationship  between  cancer  malignancy  and  diagnostic 
efficacy  of  the  Ad5/3-Idl-SEAP-Idl-mCherry  vector.  Unlike  measurements  of  PSA,  which 
showed  no  correlation  with  cellular  Idl,  expression  of  the  blood-based  SEAP  reporter  showed  a 
significant  correlation  with  cancer  cell  aggressiveness. 

Implantation  of  infected,  tumor-forming  cells  demonstrated  that  the  Ad5/3-Idl-SEAP-Idl- 
mCherry  diagnostic  vector  can  be  used  for  in  situ  detection  and  localization  of  prostate  cancer.  By 
simulating  low  (2.5%)  and  high  (17.5%)  tumor  cell  infectivity,  we  demonstrated  sensitive 
visualization  of  tumors  formed  by  both  aggressive  (PC3)  and  non-aggressive  (LNCaP)  prostate 
cancer  cells.  Fluorescent  mCherry  reporter  expression  was  detected  in  aggressive  tumors  with 
both  high  and  low  infectivity  and  non-aggressive  tumors  with  high  infectivity.  The  lower  limit  of 
detection  for  tumor  visualization  using  mCherry  fluorescence,  however,  was  approached  with 
poorly  infected,  non-aggressive  LNCaP  tumors.  Since  reporter  expression  is  dependent  on  cellular 
Idl  expression  and  LNCaP  cells  have  relatively  low  levels  of  Idl,  greater  tumor  infectivity  is 
needed  for  accurate  localization. 

The  dependency  of  the  diagnostic  vector  on  adequate  expression  of  Idl  represents  a  limitation  of 
the  current  system  for  detecting  less  aggressive  cancers.  However,  by  achieving  targeted  delivery 
and  increased  tumor  infectivity,  the  visual  detection  limits  of  the  diagnostic  vector  can  be 
surpassed.  Our  future  work  will  aim  to  develop  strategies  to  target  vector  delivery  and  infectivity 
of  both  aggressive  and  non-aggressive  prostate  cancer  to  allow  for  sensitive  localization  to  aid  in 
tumor  resection. 

In  conclusion,  the  present  work  introduces  a  novel  strategy  for  detection  and  localization  of 
prostate  cancer  that  overcomes  the  current  limitations  of  the  PSA  test  to  distinguish  between 
aggressive  cancer  and  indolent  conditions  like  BPH.  The  correlation  between  reporter  expression 
and  cellular  Idl  enables  SEAP  levels  to  be  used  as  a  predictive  measure  of  prostate  cancer 
aggressiveness  and  mCherry  fluorescence  as  an  aid  for  tumor  visualization.  This  strategy  would 
assist  clinicians  in  the  detection  and  treatment  of  prostate  cancer  and  ultimately  reduce  the 
mortality  associated  with  this  disease. 
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ABSTRACT 


Detection  of  prostate-specific  antigen  (PSA)  as  a  screening  strategy  for  prostate  cancer  is 
limited  by  the  inability  of  the  PSA  test  to  differentiate  between  malignant  cancer  and  benign 
hyperplasia.  Here,  we  report  the  use  of  a  cancer-specific  promoter,  inhibition  of  differentiation 
(Idl),  to  drive  a  dual-reporter  diagnostic  system  (Ad5/3-Idl-SEAP-Idl-mCherry)  for  sensitive 
detection  of  prostate  cancer  using  a  blood-based  reporter  SEAP  (secreted  embryonic  alkaline 
phosphatase)  and  tumor  localization  using  a  fluorescent  reporter  protein,  mCherry.  To  evaluate 
the  performance  of  this  system,  a  prostate  cell  panel  (WPMY-1,  LNCaP,  Du  145,  MDA-PCA-2b, 
VCaP,  and  PC3)  of  varying  degrees  of  malignancy  and  aggressiveness  was  tested.  Idl  expression 
of  the  prostate  cell  panel  was  measured  by  Western  blot.  Following  infection  with  the  Ad5/3- 
Idl-SEAP-Idl-mCherry  vector,  expression  of  the  SEAP  and  mCherry  reporters  was  determined. 
PSA  levels  were  also  measured  for  each  cell  type.  Although  no  correlation  was  observed 
between  Idl  levels  and  PSA  (R ^ =0 .01),  SEAP  reporter  expression  was  found  to  significantly 
correlate  (R~=0.89)  with  Idl  and  cancer  cell  aggressiveness.  The  fluorescent  mCherry  reporter 
protein  was  used  for  in  vivo  localization  of  prostate  cancer  cells  following  flank  implantation. 
Both  non-aggressive  LNCaP  and  aggressive  PC3  prostate  cancer  cells  were  visualized  2  days 
post-implantation  with  a  fluorescence  intensity  that  corresponded  to  cancer  aggressiveness  and 
total  tumor  cell  infectivity.  These  data  support  the  use  of  the  Ad5/3-Idl-SEAP-Idl-mCherry 
diagnostic  vector  as  a  predictor  of  prostate  cancer  malignancy  and  a  strategy  for  non-invasive 


tumor  localization. 


INTRODUCTION 


According  to  the  American  Cancer  Society,  prostate  cancer  is  the  second  leading  cause  of 
cancer-related  deaths  in  men.  It  is  estimated  that  1  man  in  every  36  will  die  of  prostate  cancer 
accounting  for  33,720  men  in  2011  [1].  With  an  aging  baby-boomer  population,  the  prevalence 
of  prostate  cancer  is  estimated  to  increase  to  450,000  diagnoses  in  2015  [2].  Therefore,  early  and 
accurate  detection  of  prostate  cancer  is  an  urgent  priority. 

Since  1986,  screening  for  prostate  cancer  has  relied  heavily  on  the  detection  of  prostate 
specific  antigen  (PSA)  in  the  blood.  The  relative  levels  of  PSA  predict  the  abnormal  presence  of 
hyperplasia  in  the  prostate.  However,  the  PSA  test  cannot  distinguish  between  lethal  and  non- 
lethal  disease  due  to  the  low  specificity  of  the  test  to  differentiate  aggressive  cancer  f3-71 . 
Considering  these  limitations,  an  improved  method  for  prostate  cancer  screening  is  needed  to 
accurately  distinguish  between  aggressive  and  indolent  cancers. 

Inhibitor  of  Differentiation  (Idl)  is  a  member  of  the  inhibitor  of  differentiation  family  of 
transcription  factors.  They  form  inactive  heterodimers  with  basic  helix-loop-helix  (bHLH) 
family  of  transcription  factors  that  control  cellular  processes  such  as  cell-fate  determination, 
proliferation,  cell-cycle  regulation,  angiogenesis,  invasion,  and  migration  [8,  9].  Idl  gene 
expression  is  cancer-specific  and  has  been  demonstrated  to  have  increasing  levels  in  human 
tumors  that  correlate  with  increasing  Gleason  grade  and  progression  [10].  Several  studies  ril-151 
have  shown  expression  of  Idl  to  be  an  indicator  of  malignancy  with  no  expression  found  in  cases 
of  benign  prostate  hyperplasia  (BPH)  and  normal  prostate  tissue.  The  correlation  between 
increased  Idl  expression  and  cancer  aggressiveness  supports  the  use  of  the  Idl  promoter  for 


controlling  diagnostic  reporter  function. 


Secreted  embryonic  alkaline  phosphatase  (SEAP)  is  a  truncated  and  secreted  form  of 
human  embryonic  alkaline  phosphatase  that  is  extremely  stable  and  nonimmunogenic.  Due  to  its 
heat  stability  and  resistance  to  the  phosphatase  inhibitor  L-homoarginine,  SEAP  levels  can  be 
measured  independently  from  endogenous  alkaline  phosphatase  activity  with  high  sensitivity. 
The  imaging  reporter,  mCherry,  has  an  excitation  peak  of  587  nm  and  emission  peak  of  610  nm, 
and  is  a  mutated  variant  of  the  widely  used  mRFPl.  The  mCherry  protein  matures  more  quickly 
and  completely  than  mRFPl,  yielding  higher  extinction  coefficient  and  brightness,  yet  bleaches 
10-times  more  slowly  [16].  The  longer  wavelength  of  mCherry  decreases  the  interference  from 
tissue  auto-fluorescence  and  allows  for  greater  tissue  penetration.  Finally,  mCherry  can  be 
detected  by  fluorescence  imaging  in  the  surgical  setting  using  laparoscopic  techniques,  including 
robotic  surgery  (e.g.  daVinchi),  to  improve  surgical  treatment  of  relevant  prostate  cancer. 

Recently,  the  diagnostic  vector,  Ad5/3-Idl-SEAP-Idl -mCherry,  was  constructed  and 
shown  to  be  highly  specific  and  sensitive  for  breast  cancer  detection  in  both  in  vitro  and  in  vivo 
models  [17].  With  this  vector,  dual-reporter  expression  of  secreted  embryonic  alkaline 
phosphatase  (SEAP)  and  the  fluorescent  protein  mCherry  is  driven  by  the  cancer- specific 
promoter  inhibitor  of  differentiation  (Idl)  and  allows  for  both  blood-based  screening  and 
localized  visualization  of  cancer.  Importantly,  since  both  reporters  are  under  the  control  of  Idl, 
specific  for  aggressive  cancer  phenotypes,  reporter  expression  is  a  relative  indicator  of  prognosis. 

In  the  present  study,  we  evaluate  the  use  of  Ad5/3-Idl-SEAP-Idl-mCherry  as  a 
diagnostic  system  for  screening  prostate  cancer  using  normal  cells  and  cancer  cell  hnes  of 
various  aggressive  phenotypes.  By  correlating  Idl  expression  with  SEAP  levels  and  mCherry 
fluorescence,  we  assess  the  effectiveness  of  Ad5/3-Idl-SEAP-Idl-mCherry  in  predicting  cancer 
cell  phenotype  in  comparison  to  the  PSA  test.  In  addition,  we  determine  the  applicability  of 


using  the  diagnostic  vector  for  in  vivo  detection  and  localization.  The  dual-reporter  vector 
represents  a  novel  method  for  non-invasively  measuring  cancer  aggressiveness  and  visually 
monitoring  prostate  cancer,  ultimately  overcoming  the  limitations  associated  with  PSA  test- 
based  diagnoses  and,  thus,  leading  to  improved  treatment  efficacy. 


RESULTS 

Idl  expression,  but  not  PSA  level,  is  an  indicator  of  prostate  cancer  cell  aggressiveness 

Six  prostate  cell  lines  purchased  from  ATCC  were  categorized  based  on  their  reported 
behaviors  f  1 8-231  and  measured  levels  of  PSA  secretion  (Table  1).  Normal  prostate  cells 
(WPMY-1)  secreted  a  baseline  amount  of  314.1+8.1  pg/mL  PSA.  Two  of  the  four  cell  lines  with 
reportedly  aggressive  phenotypes  (Du  145  and  PC3)  had  relatively  lower  PSA  levels,  ranging 
from  230-266  pg/mL,  whereas  the  remaining  aggressive  cells  lines  (VCaP  and  MDA-PCA-2b) 
had  significantly  greater  levels  of  PSA  as  compared  to  baseline.  The  one  non-aggressive  cell 
type,  LNCaP,  also  secreted  significantly  increased  amounts  of  PSA  in  comparison  to  baseline 
levels.  Idl  expression  was  elevated  in  all  prostate  cancer  cell  types  with  reportedly  aggressive 
behaviors  compared  to  normal  prostate  cells  and  cancerous  cells  with  a  less  invasive  and  non- 
aggressive  phenotype  (Figure  la).  No  correlation  was  found  between  Idl  expression  and  PSA 
level  (R2=0.058;  Figure  lb). 


Table  1.  Description  of  cell  lines  used  for  analyses  of  Ad5/3-Idl-SEAP-Idl-mCherry  diagnostic  efficacy. 


Cell  Line 

Origin 

Behavior 

PSA  (pg/mL) 

WPMY-1 

Normal  stromal  myofibroblast 

Normal  1181 

324.6+21.5 

Dul45 

Brain  metastasis 

Aggressive  1 191 

230.1+8.3** 

PC3 

Bone  metastasis 

Aggressive  1201 

266.2+36.7* 

VCaP 

Vertebral  metastasis 

Aggressive  [211 

762.9+36.4** 

MDA-PCA-2b 

Bone  metastasis 

Aggressive  1221 

11,227+1274** 

LNCaP 

Node  metastasis 

Non-Aggressive  [1  ] 

13,042+315** 

PSA  values  reported  as  mean+SEM  (n=3).  *p< 0.05  and  **p<0.001  versus  WPMY-1  level. 


Figure  1.  Cellular  expression  of  Idl  does  not  correlate  with  PSA.  (a)  Idl  expression  was  evaluated  in  cell  lysates  by  Western 
blot  and  quanitified  with  densitometry.  Idl  intensity  was  normalized  to  the  corresponding  level  of  of  (5-actin.  (b)  Linear 
regression  analysis  was  used  to  correlate  cellular  Idl  expression  with  PSA  levels  reported  in  Table  1.  PSA  data  are  shown  as 
mean+SEM  (n=3). 


SEAP  and  mCherry  reporter  expression  correlate  with  Idl  levels  and  are  indicators  of 
prostate  cell  aggressiveness 

Ad3  receptor  surface  expression  was  quantified  for  each  cell  type  in  the  panel  by 
infection  with  an  Ad5/3-CMV-Luc  adenovirus  (Figure  2a).  Luciferase  counts  were  subsequently 
used  to  normalize  diagnostic  reporter  expression,  accounting  for  differences  in  Ad5/3-Idl-SEAP- 
Idl-mCherry  infectivity  among  the  cells.  SEAP  and  mCherry  reporter  expressions  were  therefore 
only  a  reflection  of  Idl  promoter  activity.  After  infection  with  Ad5/3-Idl-SEAP-Idl-mCherry, 
the  prostate  cancer  lines  with  aggressive  phenotypes  (VCaP,  MDA-PCA-2b,  PC3,  and  Dul45) 
had  increased  levels  of  SEAP  reporter  compared  to  non-aggressive  (LNCaP)  and  normal 
(WPMY-1)  cells  (Figure  2b).  For  PC3  and  Dul45,  Ad3 -normalized  SEAP  expression  was 
significantly  elevated  at  4  and  6  days  post-infection  compared  to  non-aggressive  LNCaP  cells  at 


2 

the  corresponding  timepoints.  A  significant  correlation  (R~=0.89)  between  SEAP  reporter 
expression  at  day  4  and  cellular  Idl  levels  was  observed  (Figure  2c).  Likewise,  representative 
fluorescent  images  of  the  mCherry  reporter  qualitatively  confirmed  diagnostic  vector  efficiency 
(Figure  3).  mCherry  intensity  corresponded  to  cellular  Idl  levels,  with  the  greatest  fluorescence 
observed  in  the  aggressive  Du  145  cells. 
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Figure  2.  SEAP  reporter  expression  increases  with  aggressiveness  of  prostate  cancer  cell  and  correlates  with  cellular  level 

of  Idl.  (a)  Ad3  receptor  density  for  each  cell  type  was  determined  following  infection  with  an  Ad5/3-CMV-Luc  adenovirus 
(MOl=10).  (b)  SEAP  reporter  was  measured  in  culture  medium  2,  4  and  6  days  post-infection  with  Ad5/3-Idl-SEAP-Idl- 
mCherry  (MOt=l)  and  normalized  with  Ad3  receptor  surface  expression.  *p<0.01  versus  LNCap  at  corresponding  timepoint.  (b) 
Linear  regression  analysis  was  used  to  correlate  SEAP  reporter  expression  and  cellular  Idl.  All  data  are  reported  as  mean+SEM 

(n=4). 


Figure  3.  mCherry  reporter  fluorescence  corresponds  to  prostate  cancer  cell  aggressiveness.  Representative  fluorescence 
images  of  (a)  normal  prostate  cells  (WPMY-1)  and  cancerous  cells  with  (b)  moderate  Idl  expression  (VCaP)  and  (c)  high  Idl 
expression  (Dul45).  Inserts  are  corresponding  bright  field  images.  All  images  were  acquired  using  a  10X  objective. 


Fluorescent  mCherry  reporter  allows  for  in  vivo  localization  of  aggressive  and  non- 
aggressive  tumors 

Two  days  after  flank  implantation  of  Ad5/3-Idl-SEAP-Idl-mCherry-infected  PC3  and 
LNCaP  cells,  the  mCherry  reporter  protein  was  fluorescently  detected.  Representative  images  of 
mCherry  expression  illustrate  that  aggressive  PC3  cells  were  visually  detected  at  both  low 
(Figure  4a)  and  high  (Figure  4b)  levels  of  total  cell  infectivity  (2.5%  and  17.5%  of  total  tumor 
cells,  respectively).  Non-aggressive  FNCaP  cells  were  also  detected  at  higher  levels  of 
infectivity  (Figure  4d),  however,  mCherry  fluorescence  was  not  observable  when  only  2.5%  of 
the  total  cells  were  infected  (Figure  4c).  Quantification  of  mCherry  fluorescence  with  ROI 
analyses  confirmed  that  reporter  intensity  corresponded  to  cancer  cell  aggressiveness  and  total 
infectivity  since  the  most  significant  fluorescence  was  observed  with  the  aggressive  PC3  cells  at 


17.5%  total  infectivity  (Figure  4e). 


Figure  4.  Infected  tumors  are  visualized  in  vivo  with  the  fluorescent  mCherry  reporter,  (a-d)  Representative  images  of 
mCherry  reporter  expression  2  days  after  flank  implantation  of  PC3  (a,b)  and  LNCaP  (c,d)  cells  with  2.5%  (a,c)  and  17.5%  (b,d) 
total  cell  infectivity.  PC3  and  LNCaP  cells  were  infected  with  Ad5/3-Idl-SEAP-Idl-mCherry  for  24h  and  then  implanted  with 
non-infected  cells  to  simulate  low  (2.5%)  or  high  (17.5%)  tumor  infectivity.  (e)  Quantitative  region  of  interest  analysis  of  tumor 
fluorescence  was  done  to  measure  mCherry  reporter  intensity  following  implantation.  All  data  are  reported  as  mean+SEM  (n=4). 
*p<0.001  versus  all  groups. 


DISCUSSION 

In  the  current  work,  a  dual  reporter  vector,  Ad5/3-Idl-SEAP-Idl-mCherry,  was  evaluated 
for  its  ability  to  noninvasively  detect  and  monitor  prostate  cancer  using  expression  of  a  SEAP 
reporter  for  blood-based  detection  and  mCherry  reporter  for  fluorescence  imaging.  Reporter 
expression  of  the  diagnostic  system  was  driven  by  the  cancer- specific  expression  of  Idl,  which  is 
a  documented  indicator  of  tumor  malignancy  with  no  expression  found  in  BPH  and  normal 
prostate  tissue  111-15,  24-281.  The  present  study  used  a  panel  of  prostate  cancer  cells  with 


varying  degrees  of  reported  aggressiveness  in  addition  to  normal  prostate  cells.  Measurement  of 
cellular  levels  of  Idl  was  used  to  quantify  aggressiveness,  allowing  us  to  assess  the  relationship 
between  cancer  malignancy  and  diagnostic  efficacy  of  the  Ad5/3-Idl-SEAP-Idl-mCherry  vector. 
Unlike  measurements  of  PSA,  which  showed  no  correlation  with  cellular  Idl,  expression  of  the 
blood-based  SEAP  reporter  showed  a  significant  correlation  with  cancer  cell  aggressiveness. 

Implantation  of  infected,  tumor-forming  cells  demonstrated  that  the  Ad5/3-Idl-SEAP- 
Idl-mCherry  diagnostic  vector  can  be  used  for  in  situ  detection  and  localization  of  prostate 
cancer.  By  simulating  low  (2.5%)  and  high  (17.5%)  tumor  cell  infectivity,  we  demonstrated 
sensitive  visualization  of  tumors  formed  by  both  aggressive  (PC3)  and  non-aggressive  (LNCaP) 
prostate  cancer  cells.  Fluorescent  mCherry  reporter  expression  was  detected  in  aggressive  tumors 
with  both  high  and  low  infectivity  and  non-aggressive  tumors  with  high  infectivity.  The  lower 
limit  of  detection  for  tumor  visualization  using  mCherry  fluorescence,  however,  was  approached 
with  poorly  infected,  non-aggressive  LNCaP  tumors.  Since  reporter  expression  is  dependent  on 
cellular  Idl  expression  and  LNCaP  cells  have  relatively  low  levels  of  Idl,  greater  tumor 
infectivity  is  needed  for  accurate  localization. 

The  dependency  of  the  diagnostic  vector  on  adequate  expression  of  Idl  represents  a 
limitation  of  the  current  system  for  detecting  less  aggressive  cancers.  However,  by  achieving 
targeted  delivery  and  increased  tumor  infectivity,  the  visual  detection  limits  of  the  diagnostic 
vector  can  be  surpassed.  Our  future  work  will  aim  to  develop  strategies  to  target  vector  delivery 
and  infectivity  of  both  aggressive  and  non-aggressive  prostate  cancer  to  allow  for  sensitive 
localization  to  aid  in  tumor  resection. 

In  conclusion,  the  present  work  introduces  a  novel  strategy  for  detection  and  localization 
of  prostate  cancer  that  overcomes  the  current  limitations  of  the  PSA  test  to  distinguish  between 


aggressive  cancer  and  indolent  conditions  like  BPH.  The  correlation  between  reporter  expression 
and  cellular  Idl  enables  SEAP  levels  to  be  used  as  a  predictive  measure  of  prostate  cancer 
aggressiveness  and  mCherry  fluorescence  as  an  aid  for  tumor  visualization.  This  strategy  would 
assist  clinicians  in  the  detection  and  treatment  of  prostate  cancer  and  ultimately  reduce  the 
mortality  associated  with  this  disease. 


EXPERIMENTAL  METHODS 

Cell  Culture 

The  efficacy  of  the  diagnostic  vector  was  evaluated  using  six  prostate  cancer  cell  lines: 
WMPY-1,  MDA-PCa-2b,  VCaP,  PC3,  Dul45,  and  LNCaP  (American  Type  Culture  Collection, 
Manassas,  VA).  Two  commonly  used  prostate  cell  lines,  (RWPE-1  and  Ca-HPV-10),  were 
excluded  from  the  cell  panel  due  to  immortalization  vector  HPV-18  interaction  with  endogenous 
Idl  protein  [29GJJ.  LNCaP  cells  were  maintained  in  RPMI-1640  with  10%  fetal  bovine  serum 
(FBS)  and  1%  L-glutamine.  Du  145  cells  were  grown  in  EMEM  with  10%  FBS  and  1%  L- 
glutamine.  VCap  cells  were  maintained  in  DMEM  containing  10%  FBS  and  1%  L-glutamine. 
WMPY-1  cells  were  grown  in  DMEM  with  5%  FBS  and  1%  L-glutamine.  PC3  cells  were  grown 
in  FI 2k  basal  medium  with  10%  FBS.  MDA-PCa-2b  cells  were  maintained  in  FI 2k  basal 
medium  containing  20%  FBS,  25  ng/mL  cholera  toxin,  10  ng/mL  mouse  EGF,  5  nM 
phosphoethanolamine,  100  pg/mL  hydrocortisone,  45  nM  selenious  acid  and  5  pg/mL  bovine 
insulin.  All  cells  were  cultured  at  37°C  and  5%  CCK  Cells  were  allowed  to  reach  75-90% 


confluency  prior  to  passaging. 


In  Vitro  Experiments 

Cells  (1.0x10  cells/cm")  were  plated  in  quadruplicate  24  h  before  infection  with  Ad5/3- 
Idl-SEAP-Idl-mCherry.  Cells  were  infected  at  a  multiplicity  of  infection  (MOI)  ratio  of  one, 
calculated  based  on  the  plaque-forming  units  using  a  standard  agarose-overlay  plaque  assay. 
Media  was  collected  at  2,  4,  and  6  days  post-infection  and  SEAP  levels  measured  using  the  Great 
EscAPe  SEAP™  Fluorescence  Detection  kit  (Clontech  Laboratories,  Mountain  View,  CA). 
Media  was  also  collected  from  uninfected  cells  to  measure  background  fluorescence.  In  addition, 
PSA  levels  were  quantified  in  the  culture  medium  of  each  cell  type  by  an  enzyme-linked 
immunosorbent  assay  (ELISA)  specific  for  human  PSA  (AbCam,  Cambridge,  MA). 

In  order  to  qualify  SEAP  reporter  expression  as  a  singular  function  of  Idl  promotor 
activity,  an  Ad3  receptor  normalization  assay  was  performed  using  an  Ad5/3-CMV-Luc 
adenovirus.  This  adenovirus  was  generated  using  the  same  Ad5/3  adenoviral  backbone  used  to 
construct  the  Ad5/3-Idl-SEAP-Idl-mCherry  adenovirus.  For  all  cell  lines,  l.OxlO5  cells  were 
infected  with  Ad5/3-CMV-Luc  (MOI=l).  Forty-eight  hours  post  infection,  cells  were  imaged 
with  an  IVIS-100  CCD  imaging  system  (Caliper  Life  Sciences,  Mountain  View,  CA).  Matched 
region  of  interest  (ROI)  analysis  was  performed  using  instrument  software  (Living  Image  3.2)  to 
quantify  total  luciferase  counts  per  well.  Luciferase  counts  represented  a  relative  surface 
expression  of  the  Ad3  receptor  for  each  cell  type  and  were  subsequently  used  to  normalize  the 
SEAP  measurements. 

Western  Blot 

Protein  lysates  from  all  cell  lines  were  collected  with  RIPA-modified  buffer  (Sigma- 
Aldrich)  with  1%  SDS  and  phosphatase  inhibitors  (1  mM  sodium  orthovanadate,  25  mM  b- 


glycerophosphate,  100  mM  sodium  fluoride)  and  protease  inhibitors  (10  mg/mL  leupeptin,  10 
mg/mL  aprotinin,  1  mM  PMSF).  Protein  lysates  (15  pg,  determined  by  Lowry  assay)  were 
separated  with  4-12%  bis-Tris  electrophoresis  gel  (Life  Technology,  Carlsbad,  CA),  followed  by 
transfer  to  PVDF  membranes  (Millipore  Immobilon,  Billerica,  MA).  Membranes  were  blocked 
with  5%  bovine  serum  albumin  and  probed  with  rabbit  monoclonal  anti- mouse  Idl,  clone  195-14 
(CalBioreagents,  San  Mateo,  CA),  followed  by  horseradish  peroxidase-conjugated  goat  anti¬ 
rabbit  Ig  (SouthemBiotech,  Birmingham,  AL).  All  membranes  were  washed  three  times  with 
TBST  buffer  for  20  min  per  wash.  Idl  protein  was  visualized  using  chemiluminescent  substrate 
(SuperSignal  West  Pico  Chemiluminescent  Substrate,  ThermoScientific,  Rockford,  IL). 
Densitometry  was  performed  using  ImageJ  software,  and  Idl  levels  were  normalized  to  the 
respective  [3-actin  controls. 

In  vivo  analyses 

Athymic  male  nude  mice  were  obtained  from  Frederick  Cancer  Research  (Hartford,  CT). 
Two  prostate  cells  lines  (LNCaP  and  PC3)  were  transfected  with  Ad5/3-Idl-SEAP-Idl-mCherry 
(MOI=10)  for  24  h.  Following  transfection,  cells  were  harvested,  washed  and  counted.  For  each 
cell  type,  mice  (n=4)  were  implanted  with  5 x104  infected  cells  (2.5%  of  total  cells)  and  1 .95 x  106 
of  uninfected  cells  in  the  flank.  A  second  group  of  mice  were  implanted  with  3.5X105  infected 
cells  (17.5%  of  total  cells)  and  1.65x106  uninfected  cells  in  the  flank.  Appropriate  numbers  of 
infected  and  uninfected  cells  were  mixed  in  the  syringe  prior  to  implantation.  Two  additional 
groups  of  mice  (n=4)  were  implanted  in  the  flank  with  2X106  uninfected  cells  of  each  type  to 
serve  as  an  uninfected,  tumor  bearing  control  group.  Tumor  fluorescence  in  the  control  group 


served  as  background  levels  for  statistical  comparison.  All  groups  were  fluorescently  imaged  on 
day  2  post-implantation. 

Fluorescence  Imaging 

Representative  in  vitro  fluorescent  images  were  acquired  on  day  2  post-infection  with 
Ad5/3-Idl-SEAP-Idl-mCherry.  Cell  images  (lOOx)  were  rendered  using  an  mCherry  587  nm 
excitation/600  nm  long  pass  filter  on  an  inverted  microscope  with  a  halogen  light  source  and 
Nuance  multi- spectral  camera  (CRi,  Woburn,  WA).  A  liquid-crystal  tunable  wavelength  filter  in 
the  camera  was  set  for  collection  of  emission  images  from  600  to  720  nm  in  5-nm  increments. 
Composite  images  (unmixed  composites)  were  generated  for  each  image  cube  by  unmixing  the 
spectral  signature  of  the  mCherry  reporter  from  those  of  background  auto-fluorescence.  For  in 
vivo  images,  mice  were  anesthetized  with  isoflurane  and  tumors  were  imaged  with  a  Leica 
stereomicrosope  (Model  MZ-FLIII,  Vashaw  Scientific,  Norcross,  GA).  Filter,  camera,  and  image 
processing  from  the  in  vitro  imaging  methods  were  used  in  coordination  with  the 
stereomicroscope.  Quantitative  ROI  analysis  for  mCherry  fluorescence  in  tumors  was  performed 
with  ImageJ  software. 

Statistical  analyses 

Results  are  reported  as  the  mean  plus  or  minus  standard  error  of  the  mean  (SEM).  Data 
were  analyzed  for  statistical  significance  by  Student’s  Most  or  analysis  of  variance  (ANOVA) 
with  Bonferroni’s  multiple  comparison  test  where  appropriate  using  Prism  (version  6.0, 
GraphPad  Software).  For  statistical  analyses  of  PSA  data,  values  for  the  normal  prostate  cells 
(WPMY-l)  were  used  as  a  baseline  PSA  level  and  comparisons  to  baseline  were  made  using 


Student’s  /-test.  For  SEAP  measurements,  background  fluorescence  from  uninfected  cells  was 
subtracted  from  the  measured  fluorescence  of  infected  cells  and  SEAP  levels  were  normalized  to 
corresponding  Ad3  receptor  expression.  Linear  regression  analyses  were  used  to  correlate  SEAP 
and  PSA  levels  with  cancer  cell  aggressiveness  (Idl  expression).  For  in  vivo  quantification  of  the 
mCherry  reporter,  fluorescence  intensity  of  the  infected  tumors  was  normalized  to  Ad3  receptor 
expression  and  quantified  as  a  fold-increase  over  the  intensity  of  the  matching  ROI  of  the  tumor¬ 
bearing  control  group. 
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17  ABSTRACT 

18  Improving  the  efficiency  of  adenovirus  (Ad)  delivery  to  target  tissues  has  the  potential  to 

19  advance  the  translation  of  cancer  gene  therapy.  Ultrasound  (US)-stimulated  therapy  utilizes 

20  microbubbles  (MBs)  exposed  to  low-intensity  US  energy  to  improve  localized  delivery.  We 

21  hypothesize  that  US-stimulated  gene  therapy  can  improve  Ad  infection  in  a  primary  prostate 

22  tumor  through  enhanced  tumor  uptake  and  retention  of  the  Ad  vector.  In  vitro  studies  were 

23  performed  to  analyze  the  degree  of  Ad  infectivity  after  application  of  US-stimulated  gene 

24  therapy.  A  luciferase-based  Ad  on  a  ubiquitous  cytomegalovirus  (CMV)  promoter  (Ad5/3-CMV- 

25  Luc)  was  used  in  an  animal  model  of  prostate  cancer  (bilateral  tumor  growth)  to  evaluate  Ad 

26  transduction  efficiency  after  US-stimulated  therapy.  Bioluminescence  imaging  was  employed  for 

27  in  vivo  analysis  to  quantify  Ad  infection  within  the  tumor.  In  vitro  studies  revealed  no  difference 

28  in  Ad  transduction  between  groups  receiving  US-stimulated  therapy  using  high,  low,  or  sham 

29  US  intensity  exposures  at  various  multiplicity  of  infections  (MOIs)  (p  =  0.80).  In  vivo  results 

30  showed  that  tumors  receiving  US-stimulated  therapy  after  intratumoral  injection  of  Ad5/3-CMV- 

31  Luc  (1  x  106  plaque  forming  units)  demonstrated  a  73.6%  enhancement  in  tumor  delivery  and 

32  retention  compared  to  control  tumors  receiving  sham  US  (p  =  0.03).  US-stimulated  therapy  has 

33  significant  potential  to  immediately  impact  Ad-based  cancer  gene  therapy  by  improving  virus 

34  bioavailability  in  target  tissues. 

35 

36  Key  words:  cancer;  gene  therapy;  microbubble  contrast  agent;  ultrasound 
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37  INTRODUCTION 

38  There  is  an  urgent  need  to  improve  delivery  of  recombinant  adenovirus  (Ad)  in  order  to  advance 

39  cancer  gene  therapy.  Ad  vectors  show  immense  potential  in  cancer  therapy  due  to  their  ability 

40  to  selectively  target  and  destroy  specific  tumor  cells,  while  not  injuring  healthy  tissue.  Multiple 

41  applications  using  Ad  vectors  in  cancer  have  been  explored.  Therapeutic  strategies  often 

42  involve  the  triggering  of  cell  death  via  a  death-inducing  reporter  that  is  specifically  driven  by  a 

43  cancer  promoter.  Other  utilities  involve  immunotherapeutic  approaches  aimed  at  inducing  host 

44  antitumor  immune  responses  (Lupoid  and  Rodriguez  2005).  Direct  cancer  cell  death  can  be 

45  accomplished  through  delivery  of  replication  oncolytic  viruses  or  non-replicating  vectors 

46  encoding  tumor  suppressor  genes,  suicide  genes,  or  antiangiogenic  genes  (Kaplan  2005). 

47  Tumor  cells  can  be  destroyed  at  both  primary  and  metastatic  locations  through  induction  of  host 

48  antitumor  immune  responses.  Although  gene  therapy  has  advanced  in  the  last  decade,  there 

49  are  many  limitations  that  prevent  routine  applications.  The  effectiveness  of  gene  therapy  is 

50  directly  dependent  on  successful  site-specific  delivery.  Limitations  of  delivery  include  anti-Ad 

51  host  immune  response,  tumor  cell  transduction,  extravasation  of  the  large  molecules  to  their 

52  intended  site,  and  the  ubiquitous  Ad  receptor  can  lead  to  virus  uptake  in  cell  types  other  than 

53  the  targeted  region.  Additional  hurdles  include  the  inability  to  overcome  filtration  from  the  liver, 

54  and  the  limited  infectivity  of  Ad  serotype  5  (Ad5).  These  limitations  lead  to  necessary 

55  advancements  in  the  field  of  Ad  delivery. 

56  US-stimulated  therapy  provides  a  localized  technique  to  enhance  agent  delivery.  MBs  are 

57  clinically  used  US  contrast  agents  have  proven  to  be  non-immunogenic  and  non-toxic  in  nature 

58  (Calliada  et  al.  1998;  Cosgrove  2006).  This  unique  therapy  uses  US-exposed  MBs  to  both 

59  increase  cell  membrane  permeability  and  induce  localized  molecular  extravasation  (Dijkmans  et 

60  al.  2004;  Ferrara  et  al.  2007;  Lindner  2004;  Song  et  al.  2002;  Sorace  et  al.  2012).  Although 

61  there  is  some  disputing  evidence  between  the  exact  duration  of  this  effect,  this  therapeutic 
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62  stimulation  has  been  shown  to  last  up  to  30  minutes  post  US  exposure  (Sorace  et  al.  2013).  US- 

63  stimulated  therapy  has  been  increasingly  popular  in  preclinical  models  because  it  is  generally 

64  noninvasive  and  has  significant  potential  for  translation.  US-stimulated  therapy  has  been  shown 

65  to  increase  cytotoxic  agent  delivery  to  cancer  to  improve  response  by  greater  than  50% 

66  compared  to  drug  alone  (Casey  et  al.  2010;  Heath  et  al.  2012;  Sorace  et  al.  2012).  It  has  also 

67  been  demonstrated  that  positive  effects  can  be  achieved  after  only  a  single  dose  of  treatment 

68  (Sorace  et  al.  2013).  Other  applications  of  this  therapy  include  delivery  of  drugs  through  the 

69  blood-brain  barrier  and  enhancing  delivery  of  DNA  (Klibanov  2006;  McDannold  et  al.  2012;  Sirsi 

70  and  Borden  2012;  Treat  et  al.  2012).  Studies  have  also  shown  that  Ad  particles  can  be  safely 

71  delivered  to  a  localized  region  by  MB  packaging  to  avoid  ubiquitous  uptake  in  other  cells  and 

72  liver  filtration  (Warram  et  al.  2012).  To  the  best  of  our  knowledge,  applying  US-stimulated 

73  therapy  to  enhanced  Ad  delivery  is  a  novel  application  of  this  US  technology. 

74  In  order  to  establish  genetic-based  therapeutics  as  a  routine  treatment  option  for  cancer 

75  patients,  delivery  barriers  must  be  overcome  (de  Vrij  et  al.  2010).  In  the  current  study,  US- 

76  stimulated  therapy  is  evaluated  for  the  potential  to  improve  Ad  vector  transduction  in  an  animal 

77  model  of  prostate  cancer.  Considering  the  relatively  safe  properties  associated  with  US- 

78  stimulated  therapy,  positive  evaluation  of  this  technique  could  immediately  impact  Ad-based 

79  therapy  trials  leading  to  improved  treatment  success  and  patient  survival. 

80  MATERIALS  AND  METHODS 

81  Adenovirus  Preparation 

82  A  non-replicative,  luciferase-reporter  based,  serotype  5  Ad  on  a  ubiquitous  cytomegalovirus 

83  (CMV)  promoter  (Ad5/3-CMV-Luc)  was  used  to  evaluate  Ad  transduction  due  to  the  ease  of 

84  bioluminescence  imaging  for  evaluation  of  response.  In  order  to  improve  infectivity  and  ablate 

85  coxsackie  Ad  receptor  (CAR)  mediated  infection,  the  Ad5/3-CMV-Luc  contains  a  serotype 

86  chimeric  infectivity  motif  where  the  serotype  3  Ad  (Ad3)-specific  tropism  conferred  to  the  Ad 


3 


87  serotype  5  fiber  by  its  knob  domain  replacement  with  that  of  the  Ad3  fiber.  For  the  study,  particle 

88  amplification  was  performed  in  HEK-293  cells  and  purified  using  cesium  chloride  centrifugation 

89  gradients.  A  standard  agarose-overlay  plaque  assay  was  conducted  with  HEK-293  cells  to 

90  determine  a  viral  titer  of  1  .IxlO11  plaque  forming  units  (PFU)  per  ml_. 

91  Cell  Culture 

92  PC3  human  prostate  cancer  cells  were  purchased  from  the  American  Tissue  Type  Collection 

93  (Manassas,  VA,  USA).  The  cell  line  was  maintained  in  DMEM  media  with  10%  FBS  and  1%  L- 

94  glutamine.  All  cells  were  grown  to  80  to  90%  confluence  before  passaging.  Cell  numbers  were 

95  determined  using  a  standard  hemocytometer  and  cell  viability  was  measured  by  trypan  blue  dye 

96  exclusion. 

97  In  Vitro  Experimentation 

98  Experiment  1:  Aliquots  (0.1  ml.  in  PBS)  of  Ad5/3-CMV-Luc  were  placed  in  1.5  ml. 

99  polypropylene  microcentrifuge  tubes  at  various  PFU  amounts  (0,  3.5,  3.5  x  1 01,  3.5  x  1 02,  and 

100  3.5  x  103  infectious  virus  particles).  Groups  were  then  subdivided  into  low-pressure  US,  high- 

101  pressure  US,  and  sham  US  exposure  (control)  groups.  All  groups  were  evaluated  in  triplicate. 

102  To  each  tube,  10  pL  of  MBs  (Definity,  Lantheus  Medical  Imaging,  North  Billerica,  MA,  USA)  was 

103  added  immediately  prior  to  US-stimulated  therapy.  US  exposure  was  performed  on  the  groups 

104  in  a  37°C  water  bath  with  the  following  acoustic  parameters:  1.0  MHz  transmit  frequency,  peak 

105  negative  pressures  of  0.85  MPa  (high  pressure  condition)  or  0.1  MPa  (low  pressure  condition), 

106  a  pulse  repetition  period  of  0.1  sec,  10%  duty  cycle,  and  a  5  min  duration  of  US  exposure.  An 

107  unfocused  single-element  (0.75  inch)  immersion  transducer  (Olympus,  Waltham,  MA,  USA)  was 

108  placed  in  series  with  a  signal  generator  (AFG3002B,  Tektronix,  Beaverton,  OR,  USA)  and 

109  power  amplifier  (A075,  Electronics  and  Innovation,  Rochester,  NY,  USA).  Ad  groups  were  then 

110  added  at  various  multiplicity  of  infection  (MOI)  ratios  (0,  0.01,  0.1,  1,  and  10)  to  PC3  cells  (3.5  x 

111  102  cells  per  well  in  a  24  black  well  plate)  plated  24  hr  prior.  Note  that  an  MOI  value  is  defined 
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112  as  the  ratio  of  Ad  particles  to  infectious  targets  (i.e.,  number  of  cells  per  well).  Virus  aliquots 

113  were  allowed  to  incubate  for  1  hr  then  removed  and  replaced  with  complete  media. 

114  Luciferin  (2.5  mg)  was  diluted  into  25  ml.  of  PBS.  Media  was  removed  from  the  plates  and 

115  replaced  with  1  ml.  of  diluted  luciferin  (100  pg)  per  well  to  oversaturate  the  cells.  Following  a  24 

116  hr  incubation  period  (after  Ad  vector  exposure),  bioluminescence  imaging  was  performed  using 

117  the  I  VIS-1 00  System  (Xenogen  Corporation,  Hopkinton,  MA,  USA)  with  an  image  acquisition 

118  time  of  300  sec  (binning  of  8  and  f/stop  of  1)  at  a  fixed  stage  height.  A  region-of-interest  (ROI) 

119  was  drawn  around  each  well  and  the  bioluminescence  signal  was  summarized  as  total  photon 

120  counts  using  equipment  software. 

121  Experiment  2:  Aliquots  (0.1  ml.  in  PBS)  of  PC3  cells  (3.5  x  102)  and  Ad5/3-CMV-Luc  (3.5  x  102 

122  PFU,  MOI  =  1)  in  polypropylene  microcentrifuge  tubes  underwent  high  pressure  US  treatment 

123  (N  =  13)  or  sham  US  treatment  (N  =  13)  in  the  presence  of  MBs  in  a  37°C  water  bath  using 

124  identical  high  pressure  US  parameters  as  experiment  1.  After  applying  US  therapy,  cells  and  Ad 

125  were  plated  in  a  24  well  plate,  and  then  rinsed  and  replaced  with  complete  media  after  1  hr. 

126  Twenty-four  hr  thereafter,  plates  were  imaged  for  presence  of  bioluminescence  as  described  in 

127  the  previous  section. 

128  In  Vivo  Experimentation 

129  Animal  studies  were  approved  by  the  Institute  of  Animal  Care  and  Use  Committee  (IACUC)  at 

130  the  University  of  Alabama  at  Birmingham.  PC3  cancer  cells  (2  x  106  cells  per  100  pL  DMEM 

131  media  without  FBS)  were  implanted  subcutaneously  in  bilateral  flanks  of  five-week-old  nude 

132  athymic  male  mice  (Frederick  Cancer  Research,  Hartford,  CT,  USA)  ( N  =  24  animals,  N  =  48 

133  tumors).  Tumors  were  allowed  to  grow  approximately  five  weeks  to  equal  tumor  size  according 

134  to  caliper  measurements  (final  tumor  size  of  34.1  ±  2.8  mm2).  Each  animal  received  a  30  pL  tail 

135  vein  injection  of  MBs  (Definity)  diluted  to  a  final  volume  of  100  pL  with  saline.  Animals  were  then 

136  submerged  in  a  custom-built  37°C  water  bath  and  remained  under  isoflurane  gas  anesthesia  for 
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137  the  entirety  of  the  US-stimulated  therapy.  Two  min  post  MB  injection,  US  exposure  was  applied 

138  to  the  left  flank  tumor.  Right  tumors  did  not  receive  US  treatment.  US-stimulated  therapy  was 

139  performed  using  the  previously  detailed  parameters.  This  setup  allowed  exposure  of  the  entire 

140  target  tumor  with  US  energy  while  the  contralateral  tumor  was  outside  the  path  of  US 

141  transmission.  Immediately  following  US,  the  Ad5/3-CMV-Luc  vector  was  injected  intratumorally 

142  in  both  bilateral  flank  tumors.  Animals  were  divided  into  three  groups  and  dosed  with  different 

143  Ad  concentrations:  1  x  1 06  PFU  {N  =  1 2),  1  x  1 07  PFU  ( N  =  5),  and  1  x  1 09  PFU  (A/  =  7).  For  the 

144  remainder  of  the  manuscript,  1  x  1 06,  1  x  1 07,  and  1  x  109  will  be  referred  to  as  the  “low”, 

145  “medium”,  and  “high”  concentrations  of  Ad  injection,  respectively.  Intratumoral  doses  were 

146  administered  in  total  volume  of  50  pL.  Animals  were  imaged  for  bioluminescence  expression 

147  before  therapy  on  day  0  (baseline)  and  again  on  day  2  (48  hours  post  therapy)  using  the 

148  following  methods.  Animals  were  injected  intraperitoneal  (IP)  with  firefly  luciferin  (2.5  mg)  which 

149  reacts  with  the  luciferase  enzyme  to  produce  a  bioluminescence  reporter  signal  following 

150  luciferase  gene  expression.  After  a  15  min  period  allowing  for  systemic  circulation,  all  animals 

151  were  oriented  so  both  tumors  were  visualized  and  then  imaged  for  bioluminescence  expression 

152  using  the  I  VIS-1 00  System  (Xenogen  Corporation)  and  established  data  acquisition  protocols. 

153  Five  animals  were  imaged  simultaneously  using  a  300  see  exposure,  f/stop  of  1,  binning  of  8, 

154  and  fixed  stage  height.  Standardized  ROIs  were  generated  using  instrument  software  to  analyze 

155  photon  counts. 

156  Statistical  Analysis 

157  All  experimental  data  was  summarized  as  mean  ±  SE  and  reported  as  percent  change  or 

158  bioluminescence  counts.  A  2-sample  paired  Mest  was  used  to  calculate  statistical  difference 

159  between  control  and  US-stimulated  tumors  within  each  group.  No  comparisons  were  done 

160  directly  between  the  various  Ad  concentration  groups.  A  p-value  of  less  than  0.05  was 
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161  considered  statistically  significant.  Analyses  were  completed  using  the  SAS  statistical  software 

162  package  (Cary,  NC,  USA). 

163  RESULTS 

164  During  in  vitro  experiment  1,  various  concentrations  of  Ad  particles  were  exposed  to  US- 

165  stimulated  therapy  in  the  absence  of  cells  to  determine  the  effect  of  US  treatment  on  the 

166  infectivity  potential  of  the  virus.  After  US  exposure,  the  Ad  was  added  to  plated  cells  at  various 

167  MOIs  and  allowed  in  incubate.  Bioluminescence  imaging  resulting  from  successful  Ad  infection 

168  demonstrated  that  there  is  no  significant  difference  in  virus  infectivity  or  vector  transduction  at 

169  high,  low,  or  no  (sham)  exposure  to  US  pressures  (p  =  0.80),  Figure  1.  The  importance  of  this 

170  finding  is  that  it  confirms  that  exposing  the  Ad  vector  to  US  intensity  levels  necessary  for 

171  inducing  membrane  permeabilization  during  US-stimulated  therapy  has  no  negative  effect  on 

172  the  infectivity  potential  of  the  Ad.  The  various  MOIs  tested  confirm  that  this  observation  was 

173  consistent  across  various  concentrations  of  Ad. 

174  For  in  vitro  experiment  2,  Ad  particles  received  US-stimulated  therapy  in  the  presence  of  PC3 

175  cells  (MOI  =  1)  to  determine  effects  of  US  treatment  on  cellular  response  to  infection.  The 

176  control  group  contained  Ad5/3-CMV-Luc,  cancer  cells,  and  MBs  without  US  treatment.  Figure  1 

177  demonstrates  that  there  was  no  difference  in  bioluminescence  expression  when  measured  after 

178  Ad  infection  in  the  therapy  group  (5.4  x  1 05  ±  1 .9  x  1 04  counts)  and  control  group  (5.3  x  1 05  ±  2.0 

179  x  104  counts)  (p  =  0.92).  These  results  suggest  that  there  was  no  cellular  internalization  of  the 

180  Ad.  US-stimulated  therapy  induced  neither  negative  nor  positive  effects  when  applied  to  a 

181  combination  of  MBs,  cells  and  Ad. 

182  Analysis  of  US-stimulated  gene  therapy  effects  on  Ad5/3-CMV-Luc  transduction  in  an  in  vivo 

183  model  of  prostate  cancer  was  also  performed.  Bilateral  flank  tumors  were  used  in  order  to 

184  provide  in  situ  control  tumors  that  did  not  receive  US  exposure.  After  US-stimulated  therapy  was 

185  applied  to  treatment  tumors,  Ad5/3-CMV-Luc  was  immediately  administered  to  the  three  animal 
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186  groups  via  an  intratumoral  injection  using  low,  moderate,  and  high  Ad  concentrations.  Forty- 

187  eight  hr  post  treatment,  the  low  concentration  therapy  group  showed  a  95.1  ±  35.1%  increase  in 

188  bioluminescence  expression  compared  to  control  (p  =  0.03).  At  the  moderate  concentration,  the 

189  therapy  group  exhibited  a  12.1  ±  6.4%  increase  compared  to  control,  trending  towards 

190  significance  (p  =  0.06).  Finally,  at  the  high  concentration,  the  therapy  group  exhibited  no 

191  difference  compared  to  control  group  showing  a  10.1  ±  22.8%  increase  (p  =  0.09),  Figure  2.  A 

192  qualitative  analysis  shows  the  visual  differences  in  overall  bioluminescence  expression  between 

193  therapy  and  control  tumors  of  low,  moderate,  and  high  Ad  concentration  groups  at  baseline  and 

194  48  hours.  Figure  2  also  shows  representative  bioluminescence  images  exhibiting  enhancement 

195  of  infectivity  at  48  hr  in  the  tumors  receiving  US-stimulated  therapy  compared  to  the 

196  contralateral  control  tumor  and  baseline  images.  Further  analysis  of  the  low  Ad  concentration 

197  group  revealed  that  at  baseline,  there  were  no  statically  significant  differences  between  the 

198  control  and  US  therapy  exposed  tumors  (p  =  0.27).  Individual  analysis  of  the  animals  in  the  low 

199  concentration  Ad  group  demonstrates  that  75%  of  the  animals  studied  revealed  increased 

200  infectivity,  17%  showed  relatively  no  change,  and  one  animal  exhibited  a  negative  response, 

201  Figure  3. 

202  DISCUSSION 

203  Enhanced  tissue-specific  delivery  of  Ad-based  vectors  has  the  potential  to  make  significant 

204  improvements  to  current  cancer  gene  therapy  protocols.  The  strategies  investigated  here 

205  provide  original  advances  in  Ad  delivery  to  the  intended  region  to  assist  virus  retention  within 

206  the  target  tumor  tissue.  The  in  vitro  studies  confirmed  that  Ad  infectivity  was  not  affected  by 

207  either  the  high  or  low  US  pressure  conditions  (1.0  MHz  frequency).  While  the  approach  in  this 

208  study  was  to  inject  the  virus  post  US-stimulated  therapy,  evaluating  the  effects  of  US-stimulated 

209  therapy  directly  on  Ad  particles  was  necessary  for  future  translation  and  investigations.  For 

210  future  work  utilizing  either  a  multi-dose  study  or  intratumoral  injections  administered  prior  to 
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211  therapy,  we  can  be  confident  that  we  are  not  altering  the  gene  therapy  vector  during  exposure 

212  to  US  energy  levels  detailed  in  this  article. 

213  Internalization  of  the  Ad  vector,  which  ultimately  leads  to  tissue  infection,  is  triggered  by 

214  interaction  of  the  viral  penton  with  epithelial  integrins.  From  there  it  is  processed  to  the  nucleus 

215  and  is  eventually  expressed  (Lupoid  and  Rodriguez  2005).  The  Ad  requires  receptor-mediated 

216  internalization  therefore  intracellular  delivery  through  membrane  permeabilization  could 

217  decrease  expression.  In  vitro  experiments  demonstrated  that  increased  Ad  transduction  did  not 

218  occur  and  therefore  was  not  due  to  increased  infection  by  altering  the  mechanisms  of  the 

219  adenoviral  process  or  internalization.  This  is  consistent  with  previous  studies  analyzing  gene 

220  transfer  with  US-stimulated  therapy  (Miller  and  Quddus  2000;  Price  et  al.  1998). 

221  Bioluminescence  signal  measurements  between  in  vitro  experiments  shows  precision  of 

222  infection  at  an  MOI  of  1.  US  alone  has  the  capacity  to  increase  the  surrounding  medium’s 

223  temperature,  which  could  potentially  alter  infection  rate  however  there  was  no  change  in  water 

224  bath  temperature  as  monitored  throughout  the  entirety  of  each  US  treatment  session.  No 

225  differences  were  found  in  Ad  infectivity  in  vitro  when  US-stimulated  therapy  was  applied  directly 

226  to  cells.  Previous  experiments  have  shown  that  no  decreases  in  cell  viability  occurs  during 

227  similar  US-stimulated  conditions  (Sorace  et  al.  2012).  The  MOI  of  1  was  chosen  for  this 

228  experiment  to  not  oversaturate  the  cells  in  order  to  more  accurately  evaluate  and  quantify 

229  interactions  between  cells  and  Ad.  Considering  receptor-mediated  internalization  required  for 

230  successful  virus  infection,  US-induced  internalization  would  not  lead  to  reporter  transduction. 

231  Therefore,  if  a  decrease  in  bioluminescence  signal  was  observed  within  the  US  group,  it  would 

232  indicate  the  viral  particles  were  sequestered  inside  the  cell  and  not  available  for  traditional 

233  infection.  Since  this  was  not  observed,  the  conclusion  is  that  US-stimulated  internalization  did 

234  not  occur.  It  is  proposed  that  the  large  size  of  the  Ad  vector  compared  to  drug  molecules 


9 


235  decreases  its  ability  to  be  internalized  through  a  membrane  permeabilization  effect  from  US- 

236  stimulated  therapy. 

237  Detailed  in  vivo  studies  evaluated  enhancement  of  Ad  delivery  after  applying  US-stimulated 

238  therapy  in  an  animal  model  of  prostate  cancer.  The  greatest  enhancement  of  Ad  transduction 

239  was  observed  at  the  lowest  vector  dose,  while  little  or  no  change  was  observed  at  the  highest 

240  doses.  At  the  highest  dose,  Ad  availability  at  the  cancer  cell  level  was  not  a  boundary  for 

241  transduction  due  to  the  high  concentration  (tissue  saturation)  of  the  Ad  vector.  Considering  the 

242  purpose  of  the  study  was  to  highlight  enhanced  transduction  from  US-stimulated  therapy,  the 

243  lowest  dose  provided  the  greatest  potential  for  improvement.  Although  75%  of  the  animals 

244  studied  demonstrated  a  positive  outcome  when  administered  a  low  concentration  of  Ad  in 

245  combination  with  US-stimulated  therapy,  there  was  one  animal  which  demonstrated  a  decrease 

246  in  Ad  tumor  delivery.  The  animal  showing  a  negative  response  could  potentially  be  a  result  of  a 

247  poor  intratumoral  injection.  Notwithstanding,  the  utilization  of  this  promising  US  technology 

248  would  improve  the  bioavailability  of  low  Ad  vector  doses  and  allow  a  lower  dose  to  achieve  the 

249  same  therapeutic  effect  as  high  dose  administrations.  This  outcome  could  help  reduce  patient 

250  toxicity,  which  currently  hinders  widespread  use  of  gene  therapy  techniques  in  the  clinic.  As 

251  opposed  to  intravenous  injections,  intratumoral  injections  can  offset  the  limitations  of  adenoviral 

252  gene  delivery  such  as  the  anti-Ad  host  immune  response  and  the  ubiquitous  Ad  receptor 

253  leading  to  adenoviral  uptake  in  all  cell  types. 

254  Several  studies  have  been  detailed  in  the  literature  that  investigated  gene  transfection  efficiency 

255  in  various  tissue  types  using  Ad  vectors  enhanced  by  US-stimulated  delivery  techniques. 

256  Specifically,  the  efficacy  and  safety  of  multidrug  resistance  1  (MDR1)  gene  transfer  into  bone 

257  marrow  cells  was  recently  shown  in  a  series  of  in  vitro  experiments  to  be  enhanced  using  US- 

258  stimulated  therapy  (Guo  et  al.  2011).  Another  research  group  integrated  plasmid  DNA  into  a  MB 

259  shell  once  the  injected  agents  reached  the  target  tumor  tissue,  high-intensity  US  energy  was 
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260  used  to  destroy  the  MBs  and  trigger  localized  payload  (DNA)  delivery  (Sirsi  et  al.  2012).  Using 

261  bioluminescence  imaging  techniques,  this  group  was  able  to  detect  a  significantly  higher  region 

262  of  expression  within  the  tumor  compared  to  normal  tissue.  Research  analyzing  the  longitudinal 

263  effects  of  antiangiogenic  gene  therapy  on  hepatocellular  carcinoma  demonstrated  a  significant 

264  decrease  in  microvessel  density  and  increase  in  apoptosis  using  US-stimulated  therapy  with 

265  plasmid  compared  to  plasmid  alone  (Nie  et  al.  2008).  Various  other  studies  have  investigated 

266  US-stimulated  delivery  of  genetic  material  in  the  heart  (Bekeredjian  et  al.  2005;  Shohet  et  al. 

267  2000;  Tsunoda  et  al.  2005),  pancreas  (Chen  et  al.  2006),  skeletal  muscle  (Wang  et  al.  2005; 

268  Zhang  et  al.  2006),  kidney  (Koike  et  al.  2005),  central  nervous  system  (Shimamura  et  al.  2005), 

269  and  solid  tumors  (Nie  et  al.  2008;  Wang  et  al.  2009;  Warram  et  al.  2012). 

270  There  are  phase  I  and  II  trials  currently  ongoing  to  evaluate  Ad  vector  delivery  in  human.  Ad 

271  vectors  are  being  explored  due  to  their  high  transduction  efficiency  compared  to  a  retrovirus  or 

272  lentivirus.  Phase  II  clinical  studies  in  Ad-based  prostate-specific  antigen  (PSA)  vaccine  are  also 

273  being  conducted.  The  PSA  vaccine  has  been  deemed  safe  with  minimal  toxicity  side  effects 

274  compared  to  more  conventional  anticancer  drugs  and  the  investigators  hope  that  the  Ad  vector 

275  will  produce  immunity  to  the  PSA  and  destroy  cancer  cells  producing  PSA  (NCT00583024) 

276  (Department  of  Defense  2007).  Along  with  the  vaccines  that  are  being  studied,  there  is  also  a 

277  phase  I  trial  utilizing  an  Ad5.SSTR/TK.RGD  gene  therapy  vector,  which  is  an  infectivity- 

278  enhanced  Ad  that  expresses  a  therapeutic  thymidine  kinase  (TK)  suicide  gene  and  a 

279  somatostatin  receptor  (SSTR)  for  imaging  patients  with  recurrent  gynecologic  cancer.  When 

280  used  in  combination  with  a  chemotherapeutic  drug  (ganciclovir),  this  novel  Ad  vector  has  been 

281  shown  to  induce  cancer  cell  apoptosis  (Kim  et  al.  2012).  This  particular  study  utilized  an  Ad  for 

282  imaging  gene  transfer  and  monitoring  therapeutic  response  and  represents  one  of  the  first 

283  studies  of  its  kind  to  prove  safety  and  efficacy  in  human.  Notwithstanding,  these  authors  noted 
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284  that  further  refinements  in  enhancing  Ad  vector  infectivity  are  needed.  Incorporation  of  US- 

285  stimulated  gene  therapy  may  help  overcome  this  problem. 

286  The  ability  to  protect  Ad  vectors  from  systemic  clearance  and  liver  retention  while  enhancing  its 

287  bioavailability  within  the  tumor  are  important  advancements  in  gene  delivery  to  the  target  tumor. 

288  Previous  research  has  shown  that  US-stimulated  therapy  can  enhance  delivery  of  both  drugs 

289  and  plasmids  for  cancer  treatment.  To  the  best  of  our  knowledge,  this  article  details  the  first 

290  study  utilizing  US-stimulated  therapy  to  improve  Ad  delivery  to  the  target  tumor.  Our  results 

291  illustrating  that  Ad  infection  can  be  considerably  enhanced  after  a  single  session  of  US- 

292  stimulated  therapy  is  a  significant  finding  in  the  field  of  cancer  gene  therapy  and  warrants  further 

293  investigation. 
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398  FIGURE  LEGENDS 

399  Figure  1.  (a)  Representative  bioluminescence  images  of  plated  cancer  cells  incubated  with  Ad 

400  vectors  after  exposure  to  high  pressure  US-stimulated  therapy  or  sham  (control)  US.  Detailed 

401  analysis  of  the  bioluminescent  signal  (counts)  representing  Ad  infection  efficiency  after  the  Ad 

402  vector  was  exposed  to  acoustic  conditions  akin  to  that  used  during  US-stimulated  therapy  (c). 

403  Sham  or  US  exposure  at  low  or  high  acoustic  pressures  did  not  produce  any  differential  effects 

404  or  alterations  in  Ad  infectivity  potential.  The  application  of  US-stimulated  therapy  to  cancer  cell 

405  cultures  incubated  with  an  Ad  vector  resulted  in  no  singificant  differences  in  bioluminescence 

406  images  (b)  or  the  Ad  infectivity  rate  (d),  which  again  indicates  US  had  no  negative  effects  on  Ad 

407  vector  infectivity  or  the  transduction  pathway. 

408  Figure  2.  (a)  US-stimulated  therapy  improves  delivery  of  the  Ad  vector  to  the  target  flank  tumors 

409  especially  at  low  Ad  concentrations,  (b)  Representative  bioluminescence  images  at  baseline 

410  and  48  hours  after  US-stimulated  therapy  for  various  Ad  concentrations  denoted  as  low, 

411  moderate,  and  high.  US-stimulated  therapy  produced  an  increase  in  bioluminescence  signal 

412  measurements  (via  increased  Ad  infection)  over  contralateral  control  tumors  at  various  Ad 

413  concentration  levels  (bottom). 

414  Figure  3.  Analysis  of  individual  animals  in  the  low  Ad  concentration  group  which  demonstrated 

415  the  greatest  enhancement  after  receiving  US-stimulated  therapy.  Of  the  animals  investigated, 

416  75%  of  the  tumors  produced  increased  bioluminescence  signals  compared  to  contralateral 

417  tumor  measurements.  These  findings  were  attribued  to  improved  Ad  retention  and  infectivity  in 

418  the  target  tumor  receiving  US-stimulated  therapy. 
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